A swash plate pump-controlled hydraulic motor system has been presented in this work. The flow rate of the hydraulic motor system and then the output speed could be controlled by adjusting the swash plate angle. Actuating the swash plate using DC servomotor could enhance dynamic performance of the pump, and then better improve the performance of overall hydraulic motor system. In this study, another speed control configuration has been introduced and the angular velocity of hydraulic motor has been controlled using both PI (proportional and integral) and FL (fuzzy logic) controllers.
Introduction
Within the past fifteen years, a significant amount of attention has been directed toward the control issues of variable-displacement axial-piston pumps. One of the interesting studies has been done by Tonglin [1] . The proposed hydraulic circuit was rotational speed control system as shown in Fig. 1 . It mainly consisted of a variable displacement axial piston pump, a fixed displacement motor, a flow modulation valve and a relief valve.
Unlike traditional variable displacement, axial piston pumps, the angle of the swashplate was controlled by a DC motor whose output shaft was directly attached to the swashplate through a pintle. The flow modulation valve, which functioned as a bypass flow modulation valve, was used to remove or minimize the overshoot of the hydraulic motor rotational speed after the transient. The bypass modulation valve was opened only during the overshoot and was closed under the steady state conditions. Figure 1 .
Speed Control of Pump-controlled system with bypass flow valve control
The operation of the complete system is as follows. First, the desired rotational speed of the hydraulic motor is converted to the pump swashplate angle. Then, the DC motor drives the pump swashplate to achieve this desired angle in the shortest time possible. Accordingly, the pump supplies the appropriate flow rate to drive the hydraulic motor. During the whole operation, the bypass flow control system monitors the rotational speed of the hydraulic motor and takes an appropriate control action when the motor rotational speed exceeds the desired rotational speed.
The physical model of the control system suggested for this study is illustrated in Fig. 2 . As shown in the figure, the bypass valve has been eliminated and the motor speed is measured, using a velocity sensor, and fed back to the speed set value. Therefore, two loops can be detected in the control system of Fig. 2 . The outer loop which is responsible for controlling the speed of hydraulic motor and the inner loop is required to control the dynamic of the swashplate angle. Speed control hydraulic system with reversal pump flow and reversal motor motion
If the motor speed is deviated from the command value, an error signal will be generated and fed to the speed controller. According to the sign and value of the error, the DC motor will stern the swashplate angle such that the pump flow and then the hydraulic motor would eliminate the generated error Generally, the requirements for good dynamic response are [1, 2] : fast tracking of set point changes without overshoot; the maximum speed dip and the restore time due to step load change must be kept small as much as possible, and the steady state errors both in the command tracking and load regulation cases must be zero.
In order to achieve these requirements, the outer feedback loop is provided with speed controller. Two controllers are nominated to reach the above requirements; PI and FL controllers. The effectiveness of these controllers against variation of system parameters will be examined.
Mathematical Model of the System
Having understood each individual component, one can understand the overall system by interconnecting the components together to obtain an overall system model [3] . Mathematical Model of the Dc Motor. The mathematic model of a permanent magnet DC motor can be derived using a schematic diagram of the motor circuit shown in Fig. 3 [3, 4] . . Normally, the static friction and coulomb friction of the DC motor are negligible compared to that of the pump swashplate.
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The electrical circuit of the motor can be simply described by [4, 1] 
where, E is the input voltage (V), b e is back EMF voltage (V), i is the armature current (A), R is the terminal resistance of the DC motor windings ( Ω ), L is the terminal inductance of the DC motor windings (H), b K is the back EMF constant of the motor ) ( rad s V and sw θ is the angular position of the motor shaft and pump swashplate (rad).
The torque developed at the shaft of the motor is proportional to the armature current and given by
where, t K is the motor torque sensitivity
The torque developed by the current in motor windings not only overcomes the friction in the DC motor and the load torque sw T (Nm), due to swashplate assembly on the motor shaft but also accelerates the rotor.
where sw sw θ ω = is the angular velocity of the swashplate. Sgn( sw ω ) is a signum function which accounts for static and coulomb frictions dependency on speed direction and it can be described as,
Mathematical Model of the Pump. The pump model could be divided into two parts: the torque model and fluid flow model. The motion of the swashplate was described by the torque model; and the flow rate of the pump was described by the flow model.
1) Torque Model of Swashplate
The motion of the swashplate is dictated by the summation of torques acting on the swashplate and yoke assembly. Fig. 4 illustrates the components and forces that have an effect on the total torque. They are [1, 5] :
The drive force applied by the DC motor. Pressure forces acting on the pistons. Inertia effects of pistons and swashplate yoke assembly. Forces applied by the shoe plate. Friction and viscous damping forces acting on the yoke. Forces which cause torques acting on the swashplate and yoke assembly.
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The friction and pressure are the dominant components of the net torque. The yoke rotates within the pump case which is filled with hydraulic fluid. The viscous damping torque acts on the yoke in a direction opposite to the motion of the swashplate. This is a consequence of fluid motion between the yoke and pump case. The yoke also "rubs" the inside parts of the pump through the pintle and swashplate, causing a resisting stiction.
However, if the pump is in operation, piston induced vibration inside the pump tends to eliminate stiction and hence can be assumed to be negligible [5] .
The load exerted by the swashplate sw T can be divided into the following torques [1, 5] : 
where sw J is the average moment of inertia of swashplate yoke assembly. The friction torque f T includes coulomb friction swc T , viscous damping friction ( sw sw B ω ) and stiction. Since the stiction friction has been assumed negligible, the frictional torque can be represented by [1, 5] 
However, the torque applied to the swashplate due to the pressure effect is significant. This torque is a function of both the pump pressure and swashplate angle and can be written as [1, 5] When the pump is in operation, there is a torque applied to the swashplate by the piston slippers. This force is a result of the inertia of pistons and the shoe plate and is known to be a function of the swashplate angle. Therefore, this torque is related to the rotation of the barrel and can be represented as [1, 5] (8)- (10) into (7), one can obtain the following torque model of the swashplate:
Again, substitution the last equation into (5) will yield
2) Flow Model of the Pump
The displacement of the pump is defined as follows [1, 6] : Assuming that the rotational speed of the prime mover is rp ω , the ideal flow rate of the pump is as follows:
The actual flow rate of the pump is less than the ideal flow rate due to the fluid leakage and fluid compression. There are two types of leakage flows in the pump. One is the internal leakage flow between the suction port and the discharge port of the pump and the other is the external leakage from the high-pressure chamber to the case drain through the pump casing. From the continuity equation, the flow equation for the pump can be written as [1, 6, 7] Mathematical Model of the Hydrulic Motor. The motor is in this study had a stationary swashplate which was used to move the piston forward and backwards. To simplify the illustration, Fig. 5 shows the motor with only two pistons. The leakages and friction losses were lumped at these pistons. Figure 5 .
Schematic diagram of a fixed displacement axial piston motor [7] The mathematic model of the hydraulic motor can be described by two equations: the continuity equation which describes flow through the motor, and the torque equation that relates the fluid pressure to the output motor torque.
According to the continuity equation, the flow equation is described as [7, 8] The flow rate across the hydraulic motor is affected by leakage and fluid compression. The leakage term in (19) is proportional to the pressure drop across the leakage path. Leakage in the hydraulic motor is also known to be the function of motor rotational speed [7] but for this model,
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the simplified model of leakage in (19) was used. For the feasibility study, the effects of the lines between the pump and motor are considered negligible. Compressibility effects due to the volume of fluid in the connecting lines are simply lumped into the volume of motor piston chambers. Using Newton's second law, the torque equation of the motor is [1, 7] : 
State Space Representation of the System
The next step is to develop the state space representation of the complete system. The state variables of the system can be defined as i , sw ω , sw θ , p P and m ω .
Let us first begin with DC model and substitute (2) into (1) (26) to (30), the state equations of the complete system can be written in vector-matrix form: 
Design of Fuzzy Logic Control
The general considerations in the design of the controller are [9, 10, 11] :
If both e and e ∆ are zero, then maintain the present control setting
If e is not zero but approaching this value at a satisfactory rate, then maintain the present control Hence, the current command is quickly reduced so that the speed does not overshoot the command speed.
The rules near the center are also different from a typical fuzzy controller. In particular, the rules ( e ="PS" and e ∆ ="NS") and ( e ="NS" and e ∆ ="PS") would have a zero for the output with a typical FC, however with application, this rule base outputs a "PS" or a "NS" respectively; a valid justification, as this will change the swashplate angular position * sw θ ∆ command just enough to drive the error to zero faster than a zero output would. Moreover, if any disturbance occurs, the rules near the center quickly change the current to keep the speed at the reference speed. Consequently, these rules near the center reduce the error more effectively, and then improving the steady-state performance. Following the above reasoning for the other possible situations, the knowledge base of FL controller can be stored in Table I .
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Simulate Results Fig. 6 shows the Simulink/s-function modeling of the closed-loop hydraulic system. The state space representation developed in (31) has been coded in an m-file s-function type referred as "Hydraulic System". Also, an s-function block from the Simulink library is pulled down in a model file with same name as the s-function m-file. For Simulink to recognize an m-file sfunction, one must provide it with specific information about s-function. This information includes the number of inputs, outputs, states and other block characteristics.
During simulation of the model, Simulink repeatedly invokes the file "Hydraulic System" using the flag argument to indicate the task to be performed. A continuous state-space with five states (DC-motor current, swashplate speed, swashplate angular position, pump pressure, and hydraulic motor speed) is assigned for this simulation. Therefore, flag 1 is used to indicate this task. The output vector is returned through flag 3 and has the same size and variables as the state vector.
To show the effectiveness of the suggested control strategy of Fig. 2, Fig. 7 shows the responses of swashplate speed and angular position, hydraulic motor speed and pump pressure with appropriate settings of PI controller.
The improvement in the responses due to FL controller is shown in Fig. 8 . The figure shows that the capacity of fluctuations has much reduced by virtue the controller. This, of course, would reduce the vibrations in swashplate assembly.
In Fig. 9 , load pulses of heights 5 and -5 N.m are applied to hydraulic motor shaft between time intervals 2-3 and 6-7 seconds respectively. One can see that the amount of change in speed response with FL controller, due to this load is much less than that with PI controller. If the bulk of modulus e β is permitted to be changed from Closed -loop hydraulic system with PI controller Figure 8 .
Response of Swashplate angular with two controllers Figure 9 . Hydraulic motor speed with loadchanges Figure 10 .
Response of Hydraulic motor speed to change in bulk of modulus 
